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Abstract: One of the major challenges in photoelectrochemical water splitting is to develop an 

efficient photoanode that can oxidize water at low applied potential. Herein, a codoped (Sn, Zr) 

α-Fe2O3 photoanode modified with stable and earth abundant nickel oxyhydroxide (NiOOH) co-

catalyst that can split water at low applied potential is reported. First, unintentional gradient 

monodoped (Sn) α-Fe2O3 photoanode was synthesized at controlled annealing temperature that 

achieved a photocurrent density of 0.86 mA cm-2 at 1.23 V vs. RHE. Further doping with 

optimized amount of Zr outperformed the monodoped (Sn) α-Fe2O3 photoanode providing 

significantly much higher photocurrent density (1.34 mA cm-2). The remarkably improved 

electrical conductivity and more than three times higher charge carrier density (as evidenced 

from electrochemical impedance spectroscopy measurements and Mott-Schottky analysis) of the 

codoped (Sn, Zr) α-Fe2O3 photoanode highlights the importance of codoping. The synergetic 

effect of codoping (Sn, Zr) led to 1.6 fold enhancement in charge separation efficiency at 1.23 V 

than that of the monodoped (Sn) α-Fe2O3 photoanode.  The NiOOH modified codoped (Sn, Zr) 

α-Fe2O3 photoanode exhibited drastically lower onset potential (0.58 V) and a photocurrent 

density of 1.64 mA cm-2 at 1.23 V. Interestingly a 160 mV cathodic shift in photocurrent onset 

potential was also observed. Concomitant with this, the NiOOH modified codoped (Sn, Zr) α-

Fe2O3 photoanode exhibited 1.6 to 9.5 fold enhancement in charge injection efficiency (ηinj) at 

kinetic control region of 0.7 to 0.9 V compared to unmodified codoped photoanode. Gas 
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evolution measurements also showed that the NiOOH modified codoped α-Fe2O3 photoanode 

achieved an average Faradaic efficiency of 93%. 

Keywords: Photoelectrochemical water splitting, codoped (Sn, Zr) α-Fe2O3 photoanode, nickel 

oxyhydroxide, charge separation efficiency, charge injection efficiency 

 

1. Introduction 
 
Due to the growing demand for energy supplies, the depletion of fossil fuels and global warming 

much effort has been put forth in searching for clean and renewable energy sources. Solar energy 

is among the most promising candidates to serve as an energy source at the lowest cost of 

environment. However, the intermittence of solar light hampers its direct use in many 

applications.  To better utilize the solar energy, technologies that can efficiently and 

inexpensively store solar energy for off-hour use are needed. Photoelectrochemical (PEC) water 

splitting using semiconductor electrodes is a promising approach to alleviate this energy 

challenge. The development of semiconductor electrodes for PEC water splitting, which must 

satisfy a number of requirements and capable of performing reactions at high efficiencies, is 

therefore of paramount importance. Among various water splitting photoanode materials, 

hematite (α-Fe2O3, α is omitted henceforth) has several promising properties, including smaller 

band gap (1.9 ~ 2.2 eV) that maximizes absorption of the solar spectrum,1 stability in aqueous 

environment under typical operating conditions,2 abundance,3 and affordability.4 All these 

properties make it a potential candidate as a water splitting photoanode for the main proof-of-

concept demonstrations. However, several key issues such as relatively poor absorption 

coefficient (due to an indirect band gap),3, 5 very short excited-state lifetime (~10-12 s),3 poor 

oxygen evolution reaction kinetics,1, 3 and a short hole diffusion length (2-4 nm)1, 6 limit its PEC 

activity.  

Even though tremendous efforts have been made to improve the photocatalytic activity of Fe2O3, 

the actual water oxidation photocurrent is still by far lower than the maximum theoretical water 

oxidation photocurrent (Jmax) that reaches 12.5 mA cm-2 under AM 1.5 G solar illumination. 

There are three basic governing factors which make the practical water oxidation photocurrent 

(JH2O) much lower. These include; limited photon absorption, poor charge separation efficiency 

(ηsep), and low charge injection efficiency (ηinj).
7-9 So far, various efforts have been devoted to 
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overcome these constraints and improve the PEC performance of hematite. The photon 

absorption property can be enhanced by nanostructuring,10 using more than one absorber 

(heterostructures),11 using localized surface plasmons,12 quantum dot sensitization13 etc. 

Introduction of metallic and nonmetallic dopants is another possible strategy to increase photon 

absorption through band gap narrowing.14 Many attempts have also been made to enhance the 

poor charge separation efficiency of Fe2O3.  These include reduction of film thickness, aiming to 

improve the hole diffusion length of hematite.6 Doping with mono-atomic ions of charge greater 

than +3 will introduce additional majority carriers and create steeper voltage gradients (thinner 

space-charge layers) that enhances charge separation.14 Formation of heterojunctions,11 graphene 

composites,15, 16 introducing electron collecting scaffolds17 are other alternative approaches to 

enhance charge separation efficiency. Poor charge injection efficiency can be improved either by 

lowering potential-dependent rate constants for surface-mediated charge recombination or by 

increasing the rate constant for hole transfer from the photoelectrode to molecular reactants.14 

The former can be overcome by passivating surface localized electron trap states by thin over 

layer coatings. The later is more challenging, as it is difficult to see how hematite itself could be 

induced to transfer photogenerated holes more rapidly. An alternative and more efficient 

approach would be to coat Fe2O3 with efficient co-catalysts which are capable of transferring 

holes to H2O or OH− much more quickly and reduce the water oxidation over-potential.  

In the present study, we synthesized single-crystalline 1-D Fe2O3 nanorod arrays formed by in-

situ two step controlled annealing (at 500 and 800 oC) of 1-D β-FeOOH nanorod arrays grown 

directly on fluorine doped tin oxide (FTO) coated  glass substrate via a simple solution-based 

method. Moreover, we examined the effect of unintentional gradient Sn doping caused by high 

temperature annealing on the PEC performance of Fe2O3. The diffusion of Sn from the FTO 

layer to Fe2O3 bulk by high temperature calcination has been reported previously.1, 18, 19 However, 

none of these studies have mentioned the gradient doping property of Sn. In addition to gradient 

Sn doping, we employed optimum amount of Zr dopant to introduce additional majority carriers 

and improve the electrical conductivity of the electrode further. Few recent studies have showed 

that Zr-doped hematite photoanode exhibited a significantly improved PEC response.20, 21 These 

findings are also supported by ab initio quantum mechanics calculation recently done by Liao et 

al.22 The authors suggested that zirconium doping is superior to titanium doping; the most widely 
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studied dopant on hematite; because the former dopant do not act as electron trapping sites due to 

the higher instability of Zr (III) compared to Ti (III).  

After enhancing the charge separation efficiency via doping, our next goal is to overcome the 

large water-splitting overpotential of hematite which is caused by its poor oxygen evolution 

reaction (OER) kinetics. Hence the next step is to develop a low-cost and high-efficiency OER 

catalyst which can able to oxidize water at low applied potential. Recently, Ni based oxygen 

evolution catalysts have attracted a lot of interest, due to their high catalytic performance, low 

cost and low toxicity.2, 23, 24 More recently, there have been some promising studies showing 

NiOOH based oxygen evolution catalysts (OEC)  as a robust, high catalytic activity and even 

more active than RuO2, a well-established catalyst for the OER.9, 25  However, to date no study 

has been conducted on NiOOH OEC for improving the water oxidation kinetics of Fe2O3 

electrode.  Herein, we report the study of the catalytic effect of NiOOH on codoped (Sn, Zr) 

Fe2O3 photoanode for photoelectrochemical water oxidation. We employed photoassisted 

electrodeposition technique which helps to deposit more uniform and compact NiOOH layer 

with lower loading amount. The charge separation and injection properties were examined in the 

presence of 0.5 M hydrogen peroxide (H2O2), which served as the hole scavenger. Because the 

oxidation of H2O2 is thermodynamically and kinetically more facile than oxidation of water, 

therefore, measuring photocurrent for H2O2 oxidation enables investigation of the PEC properties 

of Fe2O3 independently of its poor water oxidation kinetics. PEC transient photocurrent 

measurements, Mott-Schottky and impedance analyses were also employed to further understand 

the dynamics of photogenerated carriers. 

 

2. Experimental Section 

2.1. Materials and chemicals 

Iron (III) chloride hexahydrate (99+%, Acros Organics), nickel (II) sulfate hexahydrate (99%, 

Acros Organics), zirconium (IV) chloride (98%, Acros Organics), hydrogen peroxide (34.5-

36.5%, Sigma Aldrich), isopropyl alcohol (99.5% min., Mallinckrodt Chemicals), ethanol 

(99.5%, Shimakyu's Pure Chemicals), sodium hydroxide (99%, Shimakyu's pure chemicals).  All 

reagents were used directly without any further purification. 
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2.2. Synthesis of samples 

2.2.1. Preparation of codoped (Sn, Zr) Fe2O3 nanorod arrays 

The hematite photoanodes were prepared via a simple solution-based method followed by in-situ 

two-step annealing. First, an aqueous solution containing 0.15 M iron (III) chloride hexahydrate 

and 0.15 M urea was prepared. In the meantime, a piece of FTO glass was cleaned ultrasonically 

with EXTRAN MA 02 neutral liquid detergent and washed with DI water and isopropyl alcohol 

followed by excess DI water. Then the clean FTO glass was put into a Teflon-lined stainless 

steel autoclave facing its conductive side towards the wall of the Teflon. 10 mL precursor 

solution was added to the autoclave then sealed and heated at 100 °C for 10 hours. Next, the 

autoclave was cooled down naturally, and the film coated FTO glass was taken out of the Teflon, 

washed with absolute ethanol and DI water separately then air dried. A uniform yellow layer of 

FeOOH film was coated on the FTO glass. The FeOOH film was changed to Fe2O3 via in-situ 

two-step annealing, initially at 500 oC for 2 h followed by 20 min short annealing time at 800 oC. 

The second annealing stage is responsible for enhancing crystallinity and diffusion of tin from 

the FTO substrate to hematite bulk resulting in gradient tin doped hematite (Sn-Fe2O3).  For 

zirconium doped samples, various amount of zirconium (IV) chloride was added into the 

precursor solution as a dopant source. ZrCl4 was used as the zirconium source because it doesn’t 

introduce other impurity anion. Moreover, hydrolysis of ZrCl4 was inhibited due to a low 

concentration of Zr4+ and low pH of the solution, which is very important for doping. 

2.2.2. Photo-assisted electrodeposition of NiOOH catalyst 

For photo-assisted electrodeposition of NiOOH catalyst the codoped (Sn, Zr) Fe2O3 electrode 

was transferred to a three-electrode PEC cell containing 0.1 M nickel (II) sulfate solution, its pH 

is adjusted to 7. The Fe2O3 electrode was used as working electrode, the Ag/AgCl electrode was 

used as reference electrode and Pt mesh was used as the counter electrode. Prior to the deposition, 

the solution was purged with nitrogen gas for 30 min. During deposition, the Ni2+ solution was 

kept at 45 oC and continuously stirred using a magnetic stirrer. The light was back-side 

illuminated. During illumination, the holes generated in the valence band of Fe2O3 are used to 

oxidize Ni2+ ions to Ni3+ ions, which precipitate as NiOOH on the surface of the Fe2O3 electrode 

(Ni2+(aq) + h+ + 3OH−  → NiOOH(s) + H2O). To facilitate the deposition, an external bias of 0.2 

V vs. Ag/AgCl was applied. The thickness of the NiOOH layer was controlled by varying the 
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amount of charge that passes during the deposition. Various deposition charges (i.e., 20, 35, 50, 

75, and 100 mC cm-2) were conducted and the photoanode with ~50 mC cm-2 deposition showed 

the highest photocurrent. For comparison NiOOH was electrodeposited for 3 min by applying 

1.2 V vs. Ag/AgCl. After deposition, the electrode was thoroughly rinsed with DI water and air 

dried. 

2.3. Structural characterization  

The crystalline phase of the samples was identified by D2 phaser XRD-300W diffractometer 

equipped with Cu Kα (λ = 1.5406 Å) radiation source operating at 30 kV and 10 mA. The 

morphology of the samples was examined by field-emission scanning electron microscopy (JSM 

6500F, JEOL) coupled with energy-dispersive X-ray analysis (EDX) with an accelerating 

voltage of 15 kV. A dual-beam focused ion beam (FIB, FEI Quanta3D FEG) was used for cross-

sectional sample cutting using gallium ion sputtering. The FIB is equipped with scanning 

electron microscope (SEM) mode operated at an accelerating voltage of 30 kV to capture FIB 

images. Optical absorption measurements were performed using a JASCO (ISV-469) V 560 UV-

visible spectrometer (UV-visible absorption spectrometer (Shimadzu, Model UV 3600)). X-ray 

photo-electron spectra (XPS) were also recorded at the National Synchrotron Radiation Research 

Centre (NSRRC), Taiwan with 24A XPS beam line station.  

2.4. Photoelectrochemical measurements 

The photocurrent measurements were conducted in a three electrode configuration with Ag/AgCl 

as a reference electrode, Pt wire as counter electrode, and the Fe2O3 photoanode as working 

electrode in 1 M NaOH (pH 13.6) electrolyte. A 300 W xenon arc lamp (6258, Newport) coupled 

with AM 1.5G filter was used as light source. Its intensity was calibrated at 100 mW cm-2 (1 sun 

illumination) using silicon diode (Newport). All photoanodes were scanned from 0.4 to 1.8 V vs. 

RHE during the J–V analysis. From now on the potential is presented relative to the reversible 

hydrogen electrode (RHE) unless and otherwise stated. The electrochemical impedance 

spectroscopy (EIS) was performed using an electrochemical impedance analyzer with AC 

amplitude of 10 mV and frequency range between 100 kHz to 0.1 Hz. The measured EIS data 

were obtained at an applied bias of 0 V vs. RHE at 25 ˚C. 
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3. Results and Discussion 

The morphological features of all samples were investigated by Field Emission scanning electron 

microscopy (FESEM). Figure 1(a) and (b) illustrate the SEM image of FeOOH nanorod films 

without and with Zr doping grown on FTO coated glass substrate. It is shown that, in both cases, 

the FeOOH nanorods are tetragonal in shape with sharp square cross-section at the top and have 

an average edge width of ~78 nm. It is confirmed that the size and shape of FeOOH film without 

and with Zr doping are the same, suggesting that Zr doping has no effect on the shape and 

morphology of FeOOH. Figure 1(c) depicts the SEM image of Zr doped FeOOH film after 

thermal treatment at 500 oC for 2 h. It is clearly shown that thermal treatment results remarkable 

effect on both the morphology and phase, changing square shaped FeOOH nanorods to round 

shaped Fe2O3 (confirmed by XRD). This morphological change is accompanied with increase in 

the average diameter of individual nanorods to ~82 nm. For PEC measurements, the Fe2O3 film 

was further annealed at 800 oC for 20 min (Figure 1(d)). The average diameter slightly increased 

to ~84 nm. However, we have found that high temperature annealing causes notable 

improvement in crystallinity. In addition, it causes diffusion of Sn from the FTO conducting 

substrate to the Fe2O3 bulk that leads to the formation of gradient doping.  These two factors 

outweigh the undesirable increase in diameter of nanorods and led to enhanced 

photoelectrochemical performance. Diffusion of Sn from the FTO conductive substrate to the 

Fe2O3 film causes introduction of majority carriers and thereby enhances electrical conductivity. 

The photoanode is thus designated as codoped (Sn, Zr) Fe2O3. Morrish et al. also studied the 

effects of the post-deposition annealing of Fe2O3 nanorods.19 They have found that high 

temperature annealing (750 oC) for a very short time (5 min) drastically improves the 

performance of Fe2O3 which was ascribed to the decrease in surface recombination due to 

lowering of surface trapping states and tin incorporation from the underlying FTO layer. Figure 

1(e) demonstrates SEM image of the resulting codoped (Sn, Zr) Fe2O3 photoanode followed by 

photo-assisted electrodeposition of NiOOH. The current density during deposition was typically 

~ 0.028 mA cm-2, corresponding to the total charge of 50 mC cm-2 (Figure 2(a) and (b)). Because 

the valence band edge of Fe2O3 is located at ~2.5 V vs. NHE, the photogenerated holes have 

enough overpotential to oxidize Ni2+ to Ni3+ to produce the NiOOH catalyst on the Fe2O3 

nanorod surface (Figure 2(c)). After 30 min deposition, thin NiOOH film was conformally 
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coated on the surface of Fe2O3 nanorods forming rough and wrinkled surface features. The entire 

body of individual Fe2O3 nanorods was uniformly covered by a rough layer of NiOOH. This is 

due to the fact that only Fe2O3 can photogenerate holes so that the catalyst can be deposited on 

the Fe2O3 surface selectively. For comparison, NiOOH cocatalyst was electrodeposited on 

codoped (Sn, Zr) Fe2O3 for 3 minutes at 1.2 V vs. Ag/AgCl (Figure 1(f)). A featureless dense 

layer was deposited on the entire electrode area including FTO surface. Unlike the photo-assisted 

electrodeposition, during simple electrodeposition the individual Fe2O3 nanorods were barely 

covered by NiOOH. In order to examine the film thickness, the sample has been cut with FIB 

using high energy Ga+ ion beam. The cross-sectional image (Figure S1) shows that the average 

length of the nanorods reaches to ~700 nm representing the thickness of the film. The overall 

synthetic route is summarized and illustrated in Figure 2(d).  

 

(a) (b) 

(d) (c) 
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Figure 1. SEM images of (a) FeOOH without Zr doping, (b) FeOOH with Zr doping, (c) Zr 

doped Fe2O3 annealed at 500 oC, (d) codoped (Sn, Zr) Fe2O3 annealed at 800 oC, (e) codoped (Sn, 

Zr) Fe2O3 modified with photodeposited NiOOH, (f) codoped (Sn, Zr) Fe2O3 modified with 

electrodeposited NiOOH. 

 

 

(e) (f) 

(c) (a) 

(d) 

(b) 
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Figure 2. (a) The quantity of charge passed during photo-assisted electrodeposition of NiOOH. 

(b) Deposition curve of NiOOH on Fe2O3 electrode in 0.1 M NiSO4 aqueous solution. (c) 

Schematic illustration of the oxidation potentials of N2+/Ni3+ and H2O/O2 relative to the band gap 

of Fe2O3. (d) Schematic illustration of the overall morphology evolution. 

X-ray diffraction (XRD) measurements were carried out to examine the phase purity and 

crystallinity of each sample. In the XRD pattern of the β-FeOOH film (Figure 3(a)) three 

prominent peaks at 2θ value of 11.8, 35.0 and 56.0 o are observed. These peaks are associated 

with the (110), (211) and (512) crystal planes of β-FeOOH (JCPDS card number 34-1266). After 

annealing at 500 oC, all the FeOOH diffraction peaks were vanished and new peaks at 2θ value 

of 35.7 and 64.0 o have been emerged. These peaks are corresponding to (110) and (300) crystal 

planes of α-Fe2O3 (JCPDS card number 33-0664),   revealing the complete conversion of β-

FeOOH to α-Fe2O3. Strong (110) diffraction peak implies that the hematite nanorods are highly 

oriented in the [110] direction on the substrate. The (110) peak intensity of both monodoped (Sn) 

Fe2O3 and codoped (Sn, Zr) Fe2O3 calcined at 800 oC is much higher than that of their 

corresponding samples annealed at 500 oC (i. e. without unintentional Sn doping), indicating 

enhanced crystallinity of samples calcined at 800 oC. In addition, we further estimated the 

average crystallite size present in Fe2O3 nanorods from the full width at half maximum (FWHM) 

value of the more intense (110) XRD peak using Scherrer’s equation.26 

                                                                                                                           (1) 

where β is the FWHM,  θ is the Bragg angle and λ is the wavelength of X-ray. The full-width at 

half-maximum (FWHM) values of the (110) peak of Fe2O3 calcined at 500 and 800 oC were 

found to be 0.004939 and 0.003875 rad., respectively. By applying the above mentioned 

equation, average crystallite size increased from 30.82 to 39.28 nm when annealing temperature 

increased from 500 to 800 oC. Moreover no peak shift, broadening and additional peaks appeared 

in the XRD patterns of both monodoped and codoped samples after 800 oC annealing. For XRD 

analysis of the NiOOH decorated codoped (Sn, Zr) Fe2O3 sample the NiOOH film was deposited 

continuously for 5 hours to increase its loading content and the result is  presented in Figure 3(b). 

The XRD peak at 11.6 o is indexed to the (003) crystal plane of γ-NiOOH according to JCPDS 

card no. 06-0075.27 The low intensity of this peak results from the low crystalline nature of the 

NiOOH film. The optical properties of samples were measured with UV-Vis diffuse reflectance 
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spectroscopy (DRS). Figure 3(c) illustrates the UV–vis absorbance spectra of Fe2O3 samples 

annealed at 500 and 800 oC (i. e. without and with Sn doping respectively). It is shown that the 

absorption edge of Fe2O3 film annealed at 800 oC showed significant red shift compared to 500 
oC annealed film which is attributed to unintentional Sn doping. The corresponding band gap of 

the samples were determined and the results were found to be 2.11 and 2.06 eV for undoped and 

Sn doped Fe2O3 samples respectively (Figure S3(a)), Further experimental details are given in 

the supplementary material). On the other hand, Figure 3(d) shows that the absorption spectra of 

both monodoped (Sn) Fe2O3 and codoped (Sn, Zr) Fe2O3 were identical, indicating no change in 

band gap of Fe2O3 upon intentional doping of Zr. Moreover, no significant change in absorption 

intensity and absorption edge was observed after NiOOH has been deposited.  

 

 

  

(b) 
(a) 

(c) (d) 
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 Figure 3. (a) XRD patterns collected for FTO, FeOOH and Fe2O3 samples. (b) XRD pattern of 

codoped (Sn, Zr) Fe2O3 after 5 h deposition of NiOOH. Inset: digital picture of NiOOH coated 

codoped (Sn, Zr) electrode. (c) and (d) Normalized UV–visible absorption spectra.  

The approximate cross-sectional atomic distribution of NiOOH modified codoped (Sn, Zr) Fe2O3 

was determined from EDX line scanning (Figure 4) using axial scanning from the top to the 

bottom of the film cross-section. The results confirm that both Fe and O have nearly uniform 

atomic distribution along the cross-section of the electrode. The EDX line scan of Sn revealed 

that its amount gradually increases from the top surface to the bottom of the electrode. This is 

strong evidence that shows the diffusion of Sn from the FTO conductive substrate to the Fe2O3 

film during high temperature annealing. It has been found that high concentration of Sn is found 

at the near-substrate region of the Fe2O3 electrode and its concentration gradually decreases 

towards the surface of the electrode. This gradual distribution of tin creates a typical gradient 

doping into Fe2O3 bulk and helps to improve the carrier separation. On the other hand zirconium, 

which is primarily added to the precursor solution, showed uniform atomic distribution along the 

film thickness. This helps to introduce additional majority carriers into the entire film and 

improve the electrical conductivity of the electrode. Uniform distribution of Ni along the film 

cross-section was seen in the Ni line scan. This indicates the benefit of using photodeposition 

over that of elctrodeposition to deposit NiOOH co-catalyst uniformly on Fe2O3.  

 

 

(O) 
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Figure 4. Cross-sectional SEM image of NiOOH modified codoped (Sn, Zr) Fe2O3 associated 

with EDS line scan and cross-sectional atomic distribution of oxygen, iron, tin, zirconium and 

nickel atoms. 

In this study, all photoelectrochemical experiments were performed using standard three 

electrode configuration in 1 M NaOH electrolyte solution. Figure 5(a) shows photocurrent 

density-potential (J- V) curves of monodoped (Sn) Fe2O3, codoped (Sn, Zr) Fe2O3 and NiOOH 

modified codoped (Sn, Zr) Fe2O3 under dark and illumination using AM 1.5G simulated solar 

light. Each curve has been examined based on two prominent features, the photocurrent onset 

potential and saturated photocurrent density observed at the thermodynamic potential of the 

water oxidation reaction (1.23 V). First, we examined the PEC performance of pristine Fe2O3 

electrodes annealed at 500 oC which showed negligible photocurrent density (<0.03 mA cm-2) at 

1.23 V (Figure S4(c)). Whereas Fe2O3 annealed at 800 oC showed dramatically higher 

photocurrent (0.86 mA cm-2) at 1.23 V (Figure 5(a)). This remarkable enhancement stem from 

enhanced crystallinity (evidenced from XRD pattern) and unintentional Sn doping which 

(Sn) 

(Zr) 
(Ni) 

(Fe) 
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diffuses from the FTO layer to Fe2O3 bulk. The later has been reported previously by a number 

of studies. For example, Sivula et al reported that the enhanced photocurrent density obtained 

from hematite photoanode is partly caused by Sn doping that originates from the FTO substrate 

during high temperature treatment.18 Electronic structure calculations showed that doping of 

Fe2O3 with Sn leads to improved PEC activities that arises from enhanced electrical conductivity 

due to the reduction of electron effective mass at the conduction band minimum.28 However, in 

this study we have found that the diffusion of Sn causes high to low (from bulk to surface) 

gradient re-distribution. This might create a vertical potential distribution along the length of 

nanorods which facilitates easy transfer of photogenerated electrons to the current collector and 

thereby enhance the charge separation efficiency. Although high-temperature sintering can 

introduce Sn from the FTO substrate into hematite to form gradient doping, the loss of Sn will 

significantly diminish the electrical conductivity of the FTO substrate. Applying a short 

annealing time (20 min) overcomes this tradeoff by limiting the amount of Sn diffused without 

significant glass deformation. Recently, Ling et al. studied the effect of Sn doping on the 

morphology and electronic properties of hematite nanostructures by synthesizing intentionally 

and unintentionally Sn-doped hematite nanocorals and nanowires respectively.1 They have found 

that intentionally Sn doped hematite nanocorals showed 1.5 times higher photocurrent density 

than unintentionally Sn-doped hematite nanowires, which was ascribed to the improved electrical 

conductivity and increased surface area of nanocorals. However, the intentional Sn doping is also 

accompanied with unintentional Sn diffusion. More over the dopant precursor solution 

completely changed the nanowire morphology to nanocorals.  

Figure 5(a) also shows that the codoped (Sn, Zr) Fe2O3 samples demonstrated significantly much 

higher photocurrent density (1.34 mA cm-2) at 1.23 V when compared to the monodoped (Sn) 

Fe2O3 photoanode. Zr dopant introduces additional photoelectrons and improves the electrical 

conductivity of the electrode. Each Zr atom donates one electron to Fe (in hematite), forming 

Fe2+ and Zr4+
, thereby increasing the carrier concentration. Compared to the widely used Ti 

dopant, Zr does not trap carriers due to less stable Zr3+ than Ti3+. According to ab initio quantum 

mechanics calculations done by Liao and coworkers, the use of n-type zirconium dopant do not 

act as electron trapping sites due to the higher instability of Zr3+ and therefore can provide more 

charge carriers without inhibiting transport.22 Shen et al also reported Zr doped Fe2O3 nanorod 

arrays for PEC water splitting.21 However the codoping effect of unintentional diffused Sn, 
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which plays a significant role on the improved PEC performance, has not been considered in 

their study. We have determined the optimum amount of Zr by varying the amount of ZrCl4 

added to the precursor solution (Figure S4). The results revealed that the photocurrent density 

increased to 0.99 mA cm-2 for 0.5% atomic dopant concentration of Zr. Highest photocurrent 

density (1.34 mA cm-2) was achieved at 1.5% atomic dopant concentration which is 1.56 times 

higher than that of the monodoped (Sn) Fe2O3 photoanode. Increasing the amount of Zr dopant to 

2% and 3% caused decrease in the photocurrent density to 1.17 and 0.83 mA cm-2 respectively. 

The results confirm that the enhanced photocatalytic activity of codoped (Sn, Zr) Fe2O3 nanorods 

is limited to lower atomic dopant concentration of Zr. However, previous theoretical study 

showed that the measured solubility of Zr in Fe2O3 can extend up to 10 atomic percent without 

forming a new phase.20 This contradiction might arise from the n-type Zr and Sn dopants that can 

introduce more number of majority carriers to Fe2O3 at high doping concentration. This leads to 

reasonable electron-hole recombination, resulting lower PEC performance.  

To enhance the poor oxidation kinetics of hematite we employed NiOOH as a surface 

modification. Recently NiOOH has been synthesized and implemented for various energy 

harvesting applications. For example, Kim and Choi investigated the effect of dual OER catalyst 

layers, FeOOH and NiOOH, on the interfacial recombination, water oxidation kinetics, and the 

Helmholtz layer potential drop at the OER catalyst/electrolyte junction.9 Zhang et al also 

prepared 3D nanoporous NiOOH thin film on to TiO2 nanoarray substrates by photodeposion 

technique for energy storage and conversion applications.29 When the codoped (Sn, Zr) Fe2O3 

photoanode was modified with NiOOH co-catalyst (deposited using photo-assisted 

electrodeposition), its photocurrent density was increased by 23% (to 1.65 mA cm-2) at 1.23 V 

(Figure 5(a)). More importantly, high photocurrent density was achieved in the kinetic control 

region. The sharp rise beyond the onset potential and the tendency of saturation in the high 

potential region indicate high charge transfer and collection efficiency in the NiOOH modified 

codoped (Sn, Zr) Fe2O3 photoanode. In the potential range of 0.8 to 1 V, the NiOOH modified 

codoped (Sn, Zr) Fe2O3 photoanode achieved photocurrent density that varied from 0.4 to 1.0 

mA cm-2, which is 150 to 400% higher compared to that of the codoped (Sn Zr) Fe2O3 sample. 

The PEC performance of codoped (Sn, Zr) Fe2O3 modified with electrodeposited NiOOH was 

also examined (Figure S4(b)). The saturated photocurrent density lowered to 1.3 mA cm-2 at 1.23 

V compared to the one modified with photo-assisted electrodeposited NiOOH. The dense 

Page 15 of 29 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



16 

 

NiOOH layer formed on the surface of Fe2O3 (Figure 1(f)) limits the access of electrolyte to the 

bottom layer of the electrode which reduces the amount of charge reaching the 

electrode/electrolyte interface.  

Another imperative feature of J-V curve is the onset potential. The Codoped (Sn, Zr) Fe2O3 

sample showed a slight anodic shift of photocurrent onset potential from 0.70 to 0.74 V, 

compared to monopod (Sn) Fe2O3 nanorods samples. This phenomenon has been clearly seen in 

charge injection efficiency results, whereby the codoped (Sn, Zr) Fe2O3 photoanode showed 

lower charge injection efficiency than monodoped (Sn) Fe2O3 nanorods at lower potential. 

Consequently we found it very important to combine the codoped (Sn, Zr) Fe2O3 photoanode 

with an efficient oxygen evolving catalyst. As evidenced from J-V results (inset of Figure 5(a)) 

the codoped Fe2O3 photoanode showed a cathodic shift of 160 mV in onset potential (i. e. from 

0.74 to 0.58 V) after NiOOH has been deposited. This is the lowest onset potential reported for 

surface modified Fe2O3 photocatalyst in 1M NaOH. Under the same reaction conditions, this 

value is 40 mV lower than the most efficient nickel based co-catalyst, NiFeOx, recently 

demonstrated on hematite for photoelectrochemical water splitting purposes.30 To show where 

the performance of our photoanode stands, we plot a road map  which summarizes the progress 

of onset potential improvements of some recent Fe2O3 based  photoanodes presented in terms of 

current density generated under standard condition (1 sun illumination) (Figure S6, the following 

references are included in parentheses 31-40). It summarizes few reports which target on surface 

treatment of Fe2O3 photoanodes with co-catalysts, over layers, and other chemical modification 

strategies. The onset potential ranges from 0.6 to 1.0 V vs. RHE, indicating that the NiOOH we 

employed is an efficient co-catalyst for water oxidation. The dark current water oxidation onset 

potential of all photoanodes was also measured and the results are shown in Figure 5(a). Nearly 

the same dark current onset was obtained for monodoped (Sn) and codoped (Sn, Zr) Fe2O3 

photoanodes at 1.63 V, indicating similar electrocatalytic activity for water oxidation. However, 

the dark current onset potential of the NiOOH modified codoped (Sn, Zr) Fe2O3 photoanode 

showed a cathodic shift to 1.46 V, which shows a similar trend to that of the cathodic shift of 

onset potential observed under illumination. The results suggest that the cathodic shift of onset 

potential in the NiOOH modified codoped (Sn, Zr) Fe2O3 photoanode generally come from 

accelerating water oxidation kinetics.  
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To verify that the measured photocurrent of the NiOOH modified codoped Fe2O3 photoanode 

originates from water splitting or from any undesired side reactions, we carried out gas evolution 

measurements under AM 1.5G  (100 mW cm-2) simulated solar light illumination. The amount of 

O2 gas evolved was collected and measured every 30 minute time interval. For a 3 h continuous 

photocatalytic reaction time, we observed a Faradaic efficiency of 90 to 96%. Thus, more than 

90% of the photogenerated charges were consumed for water splitting and hydrogen/oxygen 

production. (The details are given in the supplementary material). It should also be noted that, for 

a photocatalyst to be commercially viable, stability and high activity of the photocatalyst are 

both indispensable. It is well known that Fe2O3 is stable in neutral and alkaline electrolytes under 

PEC operating conditions. The stability of NiOOH modified codoped (Sn, Zr) Fe2O3 photoanode 

also demonstrated excellent stability for a continuous 10 h irradiation without the addition of 

sacrificial reagent (Figure 5(d)). After 10 h continuous PEC operation, 94.1% of the initial 

photocurrent was maintained, indicating its excellent stability.  

Achieving considerable photocurrent density at low applied potential and/or high saturation 

photocurrent density is another key issue to increase the overall PEC hydrogen generation 

efficiency of photocatalysts. Hence, the PEC water splitting efficiency of the samples was 

quantitatively evaluated using applied bias photon-to-current efficiency (ABPE) based on the 

equation:  

                                                               (2) 

where Vb is the applied bias vs. RHE, Jph is the photocurrent density at the measured potential, 

and Ptotal is the power density of incident light. A maximum photoconversion efficiency of 

0.243% was achieved for NiOOH modified codoped (Sn, Zr) Fe2O3 photoanode at 0.94 V vs. 

RHE, which was 2.5 and 1.69 times higher than that of the monodoped (Sn) Fe2O3 and codoped 

(Sn, Zr) Fe2O3 samples respectively (Figure 5(c)). Another interesting feature of this is that, the 

maximum photoconversion efficiency was obtained at lower applied potential compared with the 

monodoped and codoped samples. This is associated with reduction of hole injection barrier at 

Fe2O3/electrolyte interface by NiOOH layer. 
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Figure 5. (a) Photocurrent density as a function of applied potential in dark and illumination. (b) 

photo/dark current density as a function of applied potential in on/off interrupted illumination. (c) 

photoconversion efficiencies as a function of applied potential. (d) photocurrent density–time 

plot measured at 1.23 V. All measurements were performed under 1 sun simulated light 

illumination (AM 1.5G, 100 mW cm-2).  

To understand the interplay between the PEC activity and the light absorption properties of 

samples, we examined their PEC activity as a function of wavelength. The IPCE spectrum of 

each electrode was measured in 1 M NaOH as a function of incident photon wavelength at 1.23 

V under monochromatic illumination calibrated by standard silicon photodiode (Newport model 

818-UV). The IPCE was calculated using the following equation.  

(b) (a) 

(c) (d) 
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                                          (3) 

Where Jph is the photocurrent density, Pmono is the intensity of the incident monochromatic light, 

and λ is the wavelength of the monochromatic light. To prevent overestimation of the efficiency 

due to increased active area of the electrode, we use an optical fiber with a 1 cm2 aperture. 

Therefore all the photons from an optical fiber go into a sample cell. The IPCE spectra of the 

samples are shown in Figure 6(a). Compared to the monodoped (Sn) Fe2O3 sample, the codoped 

(Sn, Zr) Fe2O3 photoanode exhibited enhanced IPCE. Further enhancement in IPCE was 

achieved after codoped (Sn, Zr) Fe2O3 photoanode has been modified with NiOOH. The 

photocurrent response spectrum of NiOOH modified codoped (Sn, Zr) Fe2O3 photoanode 

exhibits higher but similar features with that of both the codoped (Sn, Zr) Fe2O3 and monodoped 

(Sn) Fe2O3 photoanodes, indicating the primary photo-response is from the Fe2O3 nanostructure 

and not the NiOOH itself. The enhancement is associated with the improved charge transport 

characteristics (It will be discussed later) and the role of NiOOH in facilitating effective use of 

photogenerated holes for water oxidation at the electrode/electrolyte interface. 

To further shed light on understanding the charge transfer dynamics of the photoanodes, we 

determine charge transport and charge injection efficiencies using 0.5 M H2O2 hole scavenger 

added to 1 M NaOH electrolyte solution.7, 8 The key assumption for this approach is that the 

oxidation kinetics of H2O2 is very fast and its charge transfer (injection) efficiency is 100% or 

the surface recombination of charges is assumed to be eliminated. The water splitting 

photocurrent ( ) is a product of the rate of photon absorption expressed as a current density 

(Jabs), the charge separation yield of the photogenerated carriers (ηsep), and charge injection 

efficiency to the electrolyte (ηinj): 

                                                         (4) 

In the presence of H2O2, ηinj=1, because surface recombination is assumed to be completely 

suppressed. Hence, the photocurrent density in the presence of H2O2 ( ) is given by: 

                                                                                                                         (5) 
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Therefore,                                                                                                            (6) 

Combining equation 3 and 4 results in:    

                                                                                                                                        (7) 

Jabs (photocurrent assuming 100% APCE) is determined by integrating the UV−vis absorption 

spectra (Figure 3(d)) of the samples with respect to the AM 1.5G solar light spectrum.7 Using 

this calculation the Jabs values for monodoped (Sn) Fe2O3, codoped (Sn, Zr) Fe2O3, and NiOOH 

modified codoped (Sn, Zr) Fe2O3 photoanodes were found to be 8.5, 8.04 and 8.76 respectively.  

The photocurrent responses of all the samples with and without H2O2 are provided in the 

supplementary material (Figure S6). Without H2O2 and at low applied bias, surface 

recombination, which originates from surface states and interface barriers, is the dominant effect 

in water oxidation reaction. Thus the photocurrent response becomes lower. Once H2O2 is added 

to the electrolyte, such surface barriers become less effective, rather bulk recombination becomes 

the limiting factor and the photocurrent approaches a plateau. In all the photoanodes, the 

saturated photocurrents in NaOH and NaOH + H2O2 electrolyte systems were nearly the same, 

since the addition of H2O2 does not significantly affect the light absorption, pH or flat band 

potentials of the photoanodes. This indicates that no current doubling occurs in the presence of 

H2O2, and it justifies the presumption of constant Jabs and ηsep for  and . 

Figure 6(b) and (c) illustrate the charge separation (ηsep) and injection efficiencies (ηinj) 

respectively. As shown in Figure 6(b), the charge separation efficiency of monodoped (Sn) 

Fe2O3, codoped (Sn, Zr) Fe2O3 and NiOOH modified codoped (Sn, Zr) Fe2O3 photoanodes was 

found to be 12.5, 19.9 and 24.8% at 1.23 V vs. RHE respectively. Compared to monodoped (Sn) 

Fe2O3, the 1.6 times higher ηsep of codoped (Sn, Zr) Fe2O3 photoanodes is associated with the 

improved electrical conductivity due to addition of extra photoelectrons from Zr. Compared to 

other metal oxide photoanodes such as TiO2, WO3 and BiVO4, Fe2O3 exhibited lower charge 

separation efficiency due to its very short excited state life time characteristics. Figure 6(c) 

shows charge injection efficiency as a function of the applied potential. NiOOH modified 

codoped (Sn, Zr) Fe2O3 photoanode exhibited significantly higher charge injection efficiency at 

lower potential range which is correlated with the cathodic shift of onset potential observed in J- 

V curves (Figure 5(a)). For example, at 0.8 V NiOOH modified codoped (Sn, Zr) Fe2O3 
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photoanode showed ηinj of 40.7%.   This value is 2.6 and 6.2 times higher than that of 

monodoped (Sn) Fe2O3 (ηinj, 6.6%) and codoped (Sn, Zr) Fe2O3 (ηinj, 15.7%) photoanodes 

respectively. This is remarkable achievement to split water at low applied bias. It is also strong 

evidence that charge injection barrier can be greatly suppressed by NiOOH coating. The charge 

injection efficiency results are also supported by the chopped light transient photocurrent 

measurements (Figure 7) at different potential.  

 

 

Figure 6. (a) IPCE spectra obtained at 1.23 V vs. RHE applied potentials. (b) Charge separation 

efficiency ( ) as a function of applied potential. (c) Charge injection efficiency ( ) as a 

function of applied potential. 

(b) 

(a) 

(c) 
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Mott-Schottky analysis is employed to determine the donor density and flat band potential of the 

electrodes (assuming flat photoelectrodes) by measuring the capacitance of the space charge 

region formed at the semiconductor/electrolyte interface at a fixed frequency of 103 Hz using the 

following equation. 

                                                    (8) 

Here C is  the space-charge capacitance of the semiconductor, ε is the dielectric constant of 

hematite (80),41 εo is the permittivity of vacuum (8.854 x 10-12 C V-1 m-1),  A is the area of the 

electrode, e is the electronic charge (1.602 x10-19),42 ND is the number of donors density, V is the 

applied voltage, Vfb is the flat band potential, kB is Boltzmann’s constant, and T is the absolute 

temperature. Some assumption are made in the derivation of the Mott-Schottky equation, thus a 

standard nonlinear relationship between 1/C2 and V may not be observed if such assumptions are 

not fulfilled (i.e. the space-charge region capacitance much less than the Helmholtz layer 

capacitance, flat surface, absence of surface states, frequency-independence of the dielectric 

constant ε , homogeneous spatial distribution of donors/acceptors).43, 44 The flat band potentials 

were determined from the intercepts of 1/C2 vs. V by subtracting KBT/e = 0.025 V from the 

intercept. The charge carrier (donor) density (ND) is calculated from the slope of the 1/C2 vs. V 

curve using the following equation.  

                                                                                         (9) 

All the samples exhibited positive slopes (Figure 7(a)), indicating n-type semiconductors. The 

measured flat-band potentials (Vfb) were used to obtain the absolute band-edge positions with 

respect to the water redox potentials. As depicted from table 1, the Vfb values of monodoped (Sn) 

Fe2O3, codoped (Sn, Zr) Fe2O3 and NiOOH modified codoped (Sn, Zr) Fe2O3 electrodes did not 

show significant difference between each other. However the photocurrent onset potential of 

codoped (Sn, Zr) Fe2O3 photoanode showed slight anodic shift compared to the monodoped 

sample in the J-V curve. This trade-off arises from the difference in surface catalytic properties 

of the photoelectrodes. Similarly, the photocurrent onset potential of NiOOH modified coodoped 

(Sn, Zr) Fe2O3 electrode showed 160 mV cathodic shift while its Vfb was kept nearly the same as 

that of both the monodoped and codoped photoanodes. This is additional evidence that NiOOH 
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accelerates the water oxidation kinetics of Fe2O3 without altering the band edge positions. Due to 

the enhanced transfer of photogenerated holes to the NiOOH layer, recombination of holes with 

conduction band electrons would be significantly reduced. Hence, the photocurrent onset 

potential shows significant cathodic shift. We also noted that the Vfb obtained from the Mott–

Schottky plot is somewhat more negative than the photocurrent onset potential in the J-V curves. 

This is associated with the recombination of accumulated photogenerated holes and electrons at 

the electrode surface at lower potential region, since lower applied potential is not enough to 

drive all the photogenerated holes to the electrolyte solution. The carrier concentration (ND) of 

monodoped (Sn) Fe2O3 photoanode is in a good agreement with other literature reports.1 On the 

other hand, the codoped (Sn, Zr) Fe2O3 photoanode achieved more than three times higher ND 

than that of the monodoped (Sn) Fe2O3 photoanode. This is direct evidence that shows Zr doping 

as an electron donor that can apparently improve the electron transfer properties of the sample. 

However the ND value of NiOOH modified codoped (Sn, Zr) Fe2O3 sample shows 1.4 times 

higher than that of codoped (Sn, Zr) Fe2O3 sample. This is associated with the formation of a 

highly capacitive NiOOH layer that can able to transfer photogenerated holes to the electrolyte. 

Consequently, recombination of the photogenerated holes with conduction band electrons will be 

significantly reduced and thereby the ND value of the system becomes enhanced. In order to 

further examine the electrical conductivities of the samples, electrochemical impedance 

spectroscopy analyses were carried out. According to the Nyquist plots (Figure 7(b)), the 

electrodes exhibited semicircles with different radii. The capacitive arc of codoped (Sn, Zr) 

Fe2O3 photoanode has smaller radius than that of the monodoped (Sn) Fe2O3 photoanode, 

indicating smaller charge transfer resistance.  Zr-doping promotes charge separation by 

introducing additional electrons and enhances the PEC water splitting performance. A much 

smaller radius was observed in NiOOH modified coodoped (Sn, Zr) Fe2O3 photoanode, implying 

that NiOOH can greatly promote the charge transfer across the semiconductor/electrolyte 

interface resulting in suppressed surface electron-hole recombination. 

 

Table 1: Electrical and photoelectrochemical properties of electrodes deduced from Mott-

Schottky and J-V plots 
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Sample 

ND 

 (x 1020 cm-3) 

Vfb (V)  

vs. RHE 

Onset potential (V) 

vs. RHE 

Sn-Fe2O3 0.82 0.37 0.71 

Sn, Zr-Fe2O3 2.98 0.38 0.74 

Sn, Zr-Fe2O3-NiOOH 4.19 0.40 0.58 

 

Figure 7(c) shows a typical transient photocurrent measurement at different applied potentials. 

The photocurrent transients displayed positive and negative spikes under chopped illumination, 

which are characteristics of surface recombination. The positive photocurrent spikes are 

associated with accumulation of holes in the electrode space charge layer under illumination. 

Whereas, the negative photocurrent spikes are caused by recombination of accumulated holes 

with free electrons in the conduction band, resulting in a back flow of electrons from the external 

circuit to the photoanodes.7 The photocurrent transient curve of NiOOH modified codoped (Sn, 

Zr) Fe2O3 photoanode shows smaller positive and negative spikes compared to that of 

monodoped and codoped photoanodes, suggesting the suppression of electron-hole 

recombination. Both smaller photocurrent transient spikes and negative shift of onset potential 

highlight the importance of NiOOH for enhanced photo-induced charge transfer kinetics at the 

semiconductor/electrolyte interface. On the other hand, at the higher potential region the size of 

the photocurrent spikes diminished for all photoanodes, indicating better charge transfer to the 

electrolyte solution assisted by the higher applied potential. For comparison transient 

photocurrent measurement was carried out for NiOOH modified codoped (Sn, Zr) photoanode in 

the presence of 0.5 M H2O2 in the electrolyte solution. No photocurrent spike or photocurrent 

decay was observed; indicating 100% charge transfer (injection) efficiency (Figure 7(d)).  It is 

also noticeable from Figure 7(e) that at a constant potential (1 V), the current decay (difference 

between initial current (Ii) and final current (If); Id=Ii-If) decreases in the order of monodoped (Sn) 

Fe2O3, codoped (Sn, Zr) Fe2O3 and NiOOH modified codoped (Sn, Zr) Fe2O3 samples which is in 

a good agreement with the transient photocurrent measurements at variable potential. 
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Figure 7. (a) Mott–Schottky plots measured in 1 M NaOH solution at 1 kHz Frequency. (b) 

Electrochemical impedance spectroscopy (EIS) Nyquist plots. (c) Transient photocurrent 

(d) (c) 

(a) (b) 

(e) 
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measurement as a function of variable applied potentials (0.8, 0.9, 1, 1.1, 1.2, 1.3 and 1.4 V vs. 

RHE) in 1M NaOH electrolyte. (d) Transient photocurrent measurement as a function of variable 

applied potentials (0.8, 0.9, 1, 1.1, 1.2, 1.3 and 1.4 V vs. RHE) in 1 M NaOH + 0.5 M H2O2 

electrolyte. (d) Transient photocurrent measurement as a function of constant applied potential (1 

V vs. RHE) in 1M NaOH electrolyte. 

Conclusion 

In summary, a codoped (Sn, Zr) α-Fe2O3 photoanode modified with stable and earth abundant 

nickel oxyhydroxide (NiOOH) co-catalyst that can split water at low applied potential is reported. 

In this study, single-crystalline 1-D Fe2O3 nanorod arrays are synthesized by in-situ two step 

controlled annealing (at 500 and 800 oC) of 1-D β-FeOOH nanorod arrays grown directly on 

fluorine doped tin oxide (FTO) coated  glass substrate via a simple solution-based method. We 

have found that high temperature annealing (800 oC) causes unintentional gradient Sn doping 

which greatly enhances the photoelectrochemical (PEC) activity of pristine Fe2O3. To enhance 

the conductivity of the sample further, Zr dopant was intentionally introduced. The codoped (Sn, 

Zr) Fe2O3 photoanode demonstrated 1.56 times higher photocurrent density (1.34 mA cm-2) at 

1.23 V vs. RHE compared to monodoped (Sn) Fe2O3 photoanode. The remarkably improved 

electrical conductivity and more than three times higher charge carrier density (as evidenced 

from electrochemical impedance spectroscopy measurements and Mott-Schottky analysis) of the 

codoped (Sn, Zr) Fe2O3 photoanode highlighted the importance of codoping. Aiming to 

overcome the large overpotential of Fe2O3, NiOOH catalyst was deposited on to the codoped (Sn, 

Zr) Fe2O3 photoanode using facile photoassisted electrodeposition technique. The NiOOH 

modified codoped (Sn, Zr) Fe2O3 photoanode exhibited drastically lower onset potential (0.58 V) 

and a photocurrent density of 1.64 mA cm-2 at 1.23 V. Interestingly a 160 mV cathodic shift in 

photocurrent onset potential was also observed. Its excellent stability was also demonstrated for a 

continuous 10 h PEC operation without addition of any sacrificial reagent. Concomitant with this, 

the NiOOH modified codoped (Sn, Zr) Fe2O3 photoanode exhibited 1.6 to 9.5 fold enhancement 

in charge injection efficiency (ηinj) at kinetic control region of 0.7 to 0.9 V compared to 

unmodified codoped photoanode. Finally, gas evolution measurements showed that the NiOOH 

modified codoped Fe2O3 photoanode achieved an average Faradaic efficiency of 93% indicating 

that most of the photogenerated charge carriers were consumed for water splitting. 
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